Inositol, sodium glutamate and calcium lactobionate were found to protect foot-and-mouth disease virus against inactivation during spraying and equilibration in the first is in aerosols. They also protected virus against inactivation during freeze-drying.
INTRODUCTION
The addition of polyhydroxy compounds partially protects some viruses against inactivation in aerosols. Myo-inositol protects Rous sarcoma virus against inactivation at low relative humidities (Webb, Bather & Hodges, i963) . Glucose, inositol and sorbitol partially protect Langat virus against inactivation at intermediate relative humidities, but do not enhance the survival of T2 and T7 coliphages even at low relative humidities (Benbough, I97I) .
Dimethyl sulphoxide and glycerol have been used routinely to protect cells, bacteria and viruses from damage during freezing and thawing (Lovelock, 1953; Lovelock & Bishop, 1959 )-Calcium lactobionate and sodium glutamate protect viruses during freeze-drying (Greiff, Rightsel & Schuler, 1964; Fellowes, 1968; Suzuki, 197o) . Hatch & Warren (1969) passed airborne T3 coliphage and Pasteurella pestis bacteriophage through a vessel maintained at lOO% r.h. immediately before sampling. They found that the recovery of virus at low relative humidity was increased by up to IOOO-fold. Pre-humidification also increased recovery of $13 coliphage at mid-range relative humidities (Warren, Akers & Dubovi, 1969; Dubovi & Akers, 197o) and of T7 coliphage and poliovirus at low humidities (Benbough, 197i ) . Pre-humidification had no effect on the recovery of MS-2 bacteriophage (Dubovi & Akers, 197o) , Langat virus and Semliki Forest virus (Benbough, 1971) and decreased the recovery of vesicular stomatitis virus and mengovirus (Warren et al. 1969) .
Investigation of the effect of additives and pre-humidification on the stability of virus in aerosols and during freeze-drying may clarify the mechanism by which virus is inactivated. The present paper reports on the effect of these compounds on the stability of the O1 BFS1860 strain of foot-and-mouth disease (FMD) virus in aerosols and during freeze-drying. Their effect on virus precipitated by ammonium sulphate, which was more unstable in aerosols than untreated virus (Barlow, I97Z) , was also investigated.
METHODS
Virus. The O1 Brs~86o strain of FMD virus was used at the ninth passage level in baby hamster kidney (BHK 22) cells grown in Eagle's medium. The virus suspension was separated from cell debris by centrifuging at 4ooo rev/min and the supernatant fluid was either stored at -7o °C for use as untreated virus or was concentrated by ammonium sulphate precipitation.
Infectivity assays. Infectivity assays were performed using IB-RS-2 monolayers (de Castro, 1964) . A volume of o. 4 ml of virus dilution was spread on to each monolayer and an overlay containing 1% (w/v) Special Agar Noble was added after incubation at 37 °C for 30 min. The plates were then incubated at 37 °C in air with 5 % CO2-Five replicate plates were used at each dilution and were stained with neutral red after 24 h.
Ammonium sulphate precipitation. An equal volume of saturated ammonium sulphate was added to the virus suspension at 4 °C (Brown & Cartwright, I963) . After 3o rain this was centrifuged at 4ooo rev/min for 20 min. The precipitate was resuspended in M/25 phosphate buffer solution containing o.5 % (w/v) bovine serum albumin (pH 7.6). Ammonium sulphate was removed by dialysis overnight.
Aerosol generation, storage and collection. Aerosols containing virus were generated by a single jet Collison spray and stored in a 75 1 rotating drum containing air at controlled relative humidity (Henderson, ~95z; Druett, i969) . The drum and cloud were rotated at 4 rev/min to reduce physical loss by sedimentation (Goldberg et al. I958) . The characteristics of the Collison spray were such that almost mono-disperse aerosols were produced. Samples of the aerosol were collected by Porton raised impingers (May & Harper, I957) containing Io ml of collecting fluid (phosphate buffered saline with O'25~) (W/V) bovine serum albumin and silicone antifoam emulsion). Samples were taken about I s after generation and after storage for 5 min in the drum. The experiments were performed at the ambient temperature, which varied from 29 to 22 eC.
Physical decay and calculation of results.
A tracer was not incorporated to measure physical decay (Barlow, I972) . The viable spray factor (VSF) was estimated as follows from the infectivities of collected aerosol samples: VSF = p.f.u./1 of cloud in spray tube x flow rate through apparatus (l/min) flow rate through spray (1/min) x p.f.u./ml of original spray fluid x ~o 3" Tracer experiments with [3H]-uridine gave a maximum VSF of around 6 x ~ 0 -6 for samples taken at I s and after ageing in the drum. This value was taken as ~oo % and all other VSF estimates were expressed as a percentage of this:
VSF of aerosol sample x IOO %. Percentage viability = 6 x lo 6
At least six determinations of percentage viability were made at each relative humidity. The significance of increased viabilities obtained after the addition of the additive was tested using Student's t-test. Quoted increases or decreases in recovery of virus infectivity are significant at the 95 % level.
Freeze-drying. Untreated or ammonium sulphate precipitated preparations of virus were freeze-dried with and without additives. Volumes of o. 5 ml, dispensed in Pyrex glass ampoules of i6 mm outer diameter, were shell frozen at approximately -60 °C in a dry-ice/ alcohol bath. They were maintained at this temperature at a pressure of I m Torr for 3 h during sublimation to a condenser cooled by liquid nitrogen to approximately -I96 °C. The ampoule temperature rose to room temperature during the remaining 3 h of primary drying. Secondary drying over phosphorus pentoxide then continued at room temperature for 48 h. Ampoules were finally flame-sealed at a pressure of I m Torr and stored at 4 °C until assayed. Details of the freeze-drying apparatus are given by Parker & Smith (I971) . Six separate samples were freeze-dried for each combination of virus and additive.
Additives. The additives were added to the virus sample just before each experiment.
Dimethyl sulphoxide (DMSO) and glycerol were used at a concentration of Io% (v/v) except where 2 ~o DMSO was used. Inositol, sodium glutamate and calcium lactobionate were used at 5 % (w/v). For the freeze-drying of virus and also for some aerosol experiments, 4 % calcium lactobionate and 1% bovine serum albumin were used.
RESULTS

Stability of virus infectivity in aerosols
The addition of DMSO to untreated virus increased the recovery of infective virus in aerosols after I s and 5 min at relative humidities below 45 %, but had no effect above this humidity (Table I , Fig. I ). For virus precipitated by ammonium sulphate, DMSO slightly increased the recovery of infectivity after I s and greatly increased recovery in aerosols after 5 min ( sulphate was considerably more unstable in aerosols than that of untreated virus. The addition of lO% DMSO made untreated and precipitated virus almost equally stable in aerosols. The addition to the precipitated virus of Io % glycerol had a similar effect to that of DMSO ( Table 2) .
The effect of inositol on the aerosol stability of the virus was different from that of DMSO or glycerol (Tables I, 2 , Fig. 0 . Viability after I s was significantly higher at relative humidities below 45 % in the presence of inositol. Thus, 13 % of the untreated virus and 24% of the precipitated virus were recovered even at 20 % r.h., compared with o'z9 % and 2"2 ~o respectively without inositol. Inositol did not have such a marked effect as DMSO on the stability of infectivity after the aerosol had been stored for 5 min. Recoveries at relative humidities above 45 % for both the untreated and precipitated virus were not affected by the presence of inositol. Below this relative humidity, recoveries of infectivity were higher when inositol was present. Calcium lactobionate and sodium glutamate had similar effects to inositol when they were added to the precipitated virus ( Table 2) .
The stabilizing effect of DMSO was not dependent on concentration in the range between 2% and 1o% DMSO (Table 2) .
When both DMSO and inositol were added to the precipitated virus, the resulting recoveries of infectivity were similar to those obtained for DMSO alone (Table 2) .
Effect of pre-humidification on recovery of virus infectivity
When aerosols containing virus were drawn through a vessel maintained at Ioo% r.h. prior to collection in the impinger, inactivation of virus infectivity was reduced (Table 3) . Pre-humidification also increased the recovery of precipitated virus after 5 rain at 2o % r.h. but had no effect on the recoveries for untreated virus at 20 % r.h. or for untreated or precipitated virus at 60 % r.h.
Freeze-drying
Calcium lactobionate, sodium glutamate, inositol and glucose provided considerable protection of virus against inactivation during freeze-drying (Table 4) . No infectivity was recovered when DMSO or glycerol were added to the virus suspension. When both DMSO and inositol were added to the precipitated virus, the effect on the stability of infectivity depended on their relative concentrations. The addition of oq % DMSO to a virus suspension containing 5 % inositol protected virus infectivity only slightly less than 5 % inositol alone. Virus suspended in a mixture of 5% inositol and either 2% or ~o% DMSO had a similar stability of infectivity to that of virus without additives.
Effect of additives on the stability of infectivity of ammonium sulphate precipitated
DISCUSSION
It is important to differentiate between the inactivation of virus infectivity during the first I s and inactivation at later times. The infectivity that is lost during the first I s is due to damage to the virus during the process of spraying, whereas the loss between the first I s and 5 rain represents loss while the virus is equilibrating in the aerosol state.
It has been shown that the infectivity of FMD virus precipitated by ammonium sulphate was less stable in aerosols at relative humidities below 55 % than the infectivity of virus which had not been precipitated (Barlow, 1972) . For precipitated virus at relative humidities below 55 %, the stability of infectivity was increased by the addition of a number of compounds. Inositol, sodium glutamate and calcium lactobionate reduced inactivation during the first I s of spraying and drying more than during the first 5 rain. DMSO and glycerol had the reverse effect. When both DMSO and glycerol were added to the precipitated virus at the same time, the inactivation of virus infectivity was similar to that when DMSO alone was present. The high recoveries of virus after I s at low relative humidities, which are characteristic of the presence ofinositol, were not observed. Thus, DMSO interfered with protection by inositol but inositol did not interfere with protection by DMSO.
Inactivation of virus may occur during the process of spraying and storage in the aerosol or during collection of the virus in the impinger. Hatch & Warren 0969) showed that higher recoveries of T3 and P. pestis bacteriophage could be obtained if the aerosol was passed through a bulb held at too% r.h. immediately before sampling. This suggested that the sudden impingement of virus into liquid from an aerosol at low relative humidity might inactivate virus infectivity. However, pre-humidification had different effects on different viruses. Recovery of FMD, particularly from aerosols held at 40 % r.h., was increased by pre-humidification, but this was less than that observed for T3 or P. pestis bacteriophage. Warren et al. 0969 ) also showed that pre-humidification decreased recovery of infectivity for vesicular stomatitis virus and mengovirus.
Inositol, sodium glutamate, calcium lactobionate and glucose protected FMD virus against inactivation of infectivity during freeze-drying, whereas DMSO and glycerol caused additional inactivation. The addition of DMSO interfered with protection by inositol. The inactivation of infectivity caused by DMSO and glycerol may be due to the toxic concentration produced by removal of water during freeze-drying.
Webb (I965) suggested that dehydration was the main cause of aerosol inactivation and that inositol protected airborne virus at low relative humidities by replacing structural water in virus nucleoproteins. Inositol, sodium glutamate and calcium lactobionate, which protected virus against inactivation of infectivity during freeze-drying, also protected virus during spraying and equilibration, but not against the inactivation occurring between I s and 5 rain in the aerosol. There may therefore be some similarity between the mechanisms of inactivation in freeze-drying and during spraying and equilibration of the aerosol and the most likely common factor appears to be dehydration. DMSO and glycerol both protected FMD virus against the inactivation of infectivity that occurred in aerosols between t s and 5 min, but protected less than inositol against inactivation during the first I s and also inactivated virus during freeze-drying. DMSO and glycerol protected cells, bacteria and viruses against inactivation during freezing and thawing and Lovelock (I953) suggested that this was due to prevention of damage by high concentrations of salts. Benbough 097I) found that added sodium chloride did not affect the stability of Langat virus after x s in aerosols, but recovery of infectivity after 5 rain was very much reduced. The inactivation of FMD virus in aerosols between I s and 5 min after spraying may therefore be due to high salt concentrations caused by dehydration.
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